Abstract. The nuclear xenobiotic receptor CAR is a phenobarbital (PB)-activated transcription factor. Using a mouse model of two-step liver tumorigenesis, in which tumor growth was initiated by diethyl nitrosamine (DEN) and promoted by chronic treatment with PB, we previously demonstrated that tumors developed only in the presence of CAR. Here, we have identified the FAM84A (family with sequence similarity 84, member A) gene as a CAR-regulated gene that is overexpressed during development of phenobarbital-promoted mouse liver tumors. FAM84A mRNA was induced in the liver of DEN/PB-treated mice prior to the development of liver tumors and this induction continued in the non-tumor as well as tumor tissues of a tumor-bearing liver. Western blotting demonstated that FAM84A protein expression increased in mouse liver after PB treatment; however, the FAM84A protein in liver and liver tumors was not phosphorylated at the serine 38 residue, which has been reported to correlate with morphological changes in cells. Immunohistochemistry analysis revealed the cytoplasmic localization of FAM84A protein and its expression during tumor development in normal tissues (especially in hepatocytes around the central vein), eosinophilic foci, adenomas and carcinomas. HepG2 cell-based reporter assays indicated that CAR activated the FAM84A promoter. Exogenous over-expression of FAM84A in HepG2 cells resulted in increased cell migration. The physiological function of FAM84A remains unknown, but our results suggest that FAM84A is up-regulated by CAR during the development of liver tumors, and may play an important role in the progression of liver cancer by increasing cell migration.
Introduction
CAR (NR1I3) is a member of the thyroid/steroid hormone nuclear receptor superfamily that was first characterized as the phenobarbital (PB)-activated nuclear receptor, inducing the cytochrome P450 2B (CYP2B) gene in the liver (1) (2) (3) . Soon after, a large group of xenobiotics and therapeutics were characterized as CAR activators, establishing CAR as a nuclear receptor that plays a central role in regulating the hepatic capability of xenobiotic metabolism and excretion (4) . The first set of CAR-regulated genes identified were those which encode xenobiotic metabolizing enzymes and transporters, such as numerous CYPs and MRPs (5, 6) . Our cDNA microarray studies and other experiments using Car -/-mice after PB treatment has extended the role of CAR beyond xenobiotic metabolism to the regulation of hepatic energy metabolism (7, 8) . For instance, the expression of phosphoenolpyruvate carboxykinase 1 (PEPCK1) which is known as one of gluconeogenic enzyme repressed by PB treatment in Car +/+ mice but not in Car -/-mice (8) . In addition to regulating these normal liver functions, CAR can be a factor that causes various liver diseases, such as developing steatohepatitis, cholestasis and liver tumors (9) . Hepatocellular carcinoma (HCC) incidence is very frequent in the world. Formerly, the occurrence of HCC was reported frequently in Asia; however it is now spreading all over the world including Europe and North America (10) . Several environmental factors such as infection with hepatitis B virus, hepatitis C virus or exogenous chemical exposure causing chronic inflammation of the liver, can lead to liver diseases, which often develop into HCC. However, the detailed molecular mechanism(s) of the development of HCC remains unknown.
It has been reported that primary exposure to genotoxic carcinogens and subsequent chronic treatment with nongenotoxic agents such as PB produces HCC in rodents, and this rodent model has been used to understand the development and promotion of HCC that does not involve genetic mutations (11, 12) . Given the fact that PB activates CAR, the two-step mouse model for HCC development was utilized with Car -/-mice in order to determine whether or not CAR plays a role in HCC development. Mice were initiated (13) . Based on this observation, over 90 genes were identified as being CAR-regulated from a cDNA microarray study (unpublished data), and the FAM84A gene was further characterized as a gene that may be directly involved in liver tumor development after PB treatment.
Human FAM84A, based on its amino acid sequence identity with human collagen, type X and ·1, is a novel collagen-type protein (14) . The only study which investigated the biological function of FAM84A found that FAM84A was over-expressed in various colon cancer cell lines and also in many, but not all, human colon tumor tissues. This study also found that over-expression of ectopic FAM84A altered cell morphology and increased cell migration, thus suggesting that FAM84A may be a pro-tumor factor in colon cancers (14) . However, FAM84A has not yet been studied in the liver. Here we have utilized real-time PCR, Western blot and immunohistochemistry to examine the expression of FAM84A in mouse livers, with respect to PB induction, CAR regulation, sex-and strain-dependency and expression in tumors. Furthermore, we showed that ectopic over-expression of FAM84A enhances cell migration, but not cell growth of hepatocellular carcinoma cells. The mouse FAM84A gene appears to be a novel marker for PB-inducible and CARregulated liver tumor development.
Materials and methods

Animals. Car
+/+ and Car -/-mice were previously generated in a C3H/HeNCrlBR (C3He) background (13) . C3H/HeNCrlBR (C3He) and C57BL/6 mice (5-7 week-old) were obtained from Charles River Laboratories International Inc. (MA, USA), housed in a specific pathogen-free rodent facility under a standard 12-h light/12-h dark cycle and were fed a standard rodent chow and water ad libitum. PB (100 mg/kg) was administered intraperitoneally. All animal procedures were approved by the Animal Ethics Committee of National Institute of Environmental Health Sciences.
Reagent. TCPOBOP was purchased from Sigma-Aldrich (MO, USA); androstenol from Steraloids (RI, USA); pGL3-basic from Promega Corp. (WI, USA); pcDNA3.1-V5-His-TOPO from Invitrogen (CA, USA).
Antibodies. To produce mouse anti-FAM84A serum, the C-terminal peptide CRVLQELEDFVDDKE was synthesized (Sigma Genosys, TX, USA) and was used to immunize rabbits. To produce antibodies to phosphorylated Ser38 of mouse FAM84A, the phosphopeptide AYFF(pS)DEEEDL DERGQC was synthesized (ANASPEC, CA, USA) and was used to immunize rabbits. The specificity of this phospho-(Ser38)peptide was verified by Western blots showing its binding to the phospho-but not to non-phospho-peptides.
Real-time PCR. Total RNAs were extracted from mouse livers using TRIzol reagent (Invitrogen), and used to synthesize cDNAs using the High Capacity cDNA reverse transcription kit (Applied Biosystems Inc., CA, USA). Real-time PCR was performed with the 7900HT fast real-time PCR System (Applied Biosystems Inc.). Forward and reverse primers for mouse FAM84A cDNA were: 5'-CCTCGCCGCGTCATTG-3' and 5'-CAGTGGGCAACTCGCTGTAG-3'. PCR amplification was performed with SYBR-Green Master Mix (Applied Biosystems Inc.). The TaqMan rodent GAPDH (Applied Biosystems Inc.) was used as the reference house-keeping gene, and the expression level of FAM84A mRNA was normalized to that of GAPDH mRNA.
Western blot analysis. Mouse livers were homogenized in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% DOC (deoxycholate-Na), 0.1% SDS and 50 mM Tris-HCl) containing complete protease inhibitor cocktail (Roche Diagnostics, IN, USA). Liver homogenates were centrifuged at 15,000 rpm for 60 min to prepared cytosols. Cytosolic proteins were separated on a 12% SDS-polyacrylamide gel and were transferred onto an Immobilon-P membrane (Millipore, MA, USA). The membrane was then incubated overnight at 4˚C with anti-FAM84A serum or anti-phospho-FAM84A (1:5000 dilution) in Tris-buffered saline, 0.05% (v/v) Tween-20 (TBS-T). After incubation with HRP-conjugated anti-rabbit IgG (1:10000 dilution; Cell Signaling Technology, MA, USA), protein bands on the membrane were visualized using ECL Plus Western blotting detection reagent (GE Healthcare Bio-Science Corp. WI, USA). Mouse FAM84A and its S38A mutant proteins were produced using the in vitro transcription/ translation system: TNT T7 quick-coupled system (Promega Corp.) and used as markers.
DNA cloning and generation of FAM84A mutants. A fulllength cDNA of mouse FAM84A (sequence reference no.; NCBI: NM_029007, Ensembl: ENSMUSG00000020607) was amplified using a set of primers, 5'-ACCATGGGCAAC CAACTGGA-3' and 5'-GCTACTCCTTGTCGTCCACA-3', and was subsequently cloned into pcDNA3.1-His-V5-TOPO plasmid. We used the mouse brain cDNA for amplification because the expression level of FAM84A was very low in mouse liver. Serine 38 of mouse FAM84A was mutated to alanine using the Quickchange site directed mutagenesis kit (Stratagene, CA, USA) and primers, 5'-GGTTGCCTACT TCTTCGCGGATGAGGAGGAGGA-3' and 5'-TCCTCCT CCTCATCCGCGAAGAAGTAGGCAACC-3'. A 9.0-kb promoter of the FAM84A gene was amplified using primers 5'-CTACCCACGTGGTCACTAATCCACAGTAGC-3' and 5'-CTGGCTCCACTCCGCTTTCCTACAGC-3' and was cloned into pGL3-basic. A 1.8-kb CYP2B6 promoter was previously cloned into pGL3-basic (15) .
Reporter gene assay. HepG2 (human hepatocellular carcinoma cell line) cells were seeded on 24-well plates at a density of 4x10 4 cells per well in 10% MEM (minimal essential medium supplement with 10% (v/v) fetal bovine serum, antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin) and 2 mM glutamine). About 24 h later, cells were transfected with a given luciferase reporter plasmid (100 ng/well), expression plasmid (100 ng/well) and phRL-TK plasmid (10 ng/well) using FuGENE6 (Roche Diagnostics,) for 24 h. Cells were then treated with TCPOBOP (250 nM), androstenol (8 μM) or DMSO for 48 h, and then whole extracts were prepared for luciferase assays using the Dual-luciferase reporter assay system (Promega Corp.).
Immunohistochemistry. C3H/HeNCrlBR (C3He) male mice were chronically treated with PB (500 ppm) in drinking water for 6 weeks, and then liver sections were prepared, fixed 10% formalin and embedded in paraffin. Sections of tumors were prepared from the C3He mice used in our previous study (13) . Immunohistochemistry using a 1:1000 dilution of anti-FAM84A serum and pre-bleed serum was performed at the Histology Core Laboratory at NIEHS.
Laser capture microdissection. Frozen liver tissue sections were stained with 1% crystal violet acetate, and periportal or centrilobular areas were captured by laser capture microdissection (LCM) using an MMI CellCut, laser capture microscope (The Molecular Machines & Industries). Individual areas from four serial sections were dissected from the slides and captured by the caps of microcentrifuge tubes for RNA extraction. LCM was verified by light microscopic analysis. RNAs were extracted from each samples using the Arcturus PicoPure Kit (MDS analytical Technolog, CA, USA), and used for cDNA synthesis.
Recombinant adenoviruses. Based on the wild-type FAM84A expression plasmid, Ad-FAM84A expression adenovirus vector was constructed with the AdEasy Vector System kit (Q-BIO gene, Montreal, Canada) as described in the manufacturer's protocol. Adenoviruses were propagated in HEK293 cells. Ad-ß-gal encoding ß-galactosidase previously constructed in our laboratory was used as control. Virus titers were measured and calculated using the 50% tissue culture infectious dose assay (TCID 50 method) as described in the manufacturer's application manual.
Colony formation assay. Human hepatocellular carcinoma cell line, Huh7 cells were seeded in 10-cm culture dishes 24 h before transfection. Each expression vector (pcDNA3.1-His-V5-Empty and FAM84A WT plasmid) was transfected using FuGENE 6 transfection reagent (Roche Diagnostics); 24 h after transfection, the harvested cells were diluted and reseeded on 10-cm culture dishes in triplicate. The transfected cells were allowed to grow in the presence of 0.8 mg/ml Geneticin (Invitrogen) for 2 weeks, after which the colonies formed from each cell were fixed with 10% formaldehyde, stained with 0.125% crystal violet and counted.
Cell migration assay. Transwell chambers (8-μm pore size; Corning, MA, USA) were used for the in vitro cell migration assay. Twenty-four hours post-seeding, HepG2 cells were infected with Ad-ß-gal or Ad-FAM84A-WT at 10 MOI (multiplicity of infection). Adenovirus-infected cells were seeded into the upper part of chamber at 5.0x10 4 with 300 μl of 10% MEM medium, and the lower compartment was filled with 600 μl of 10% MEM medium. After incubation for 72 h at 37˚C in 5% CO 2 , cells were fixed with 10% formaldehyde. Non-migrating cells were gently removed from the upper chamber with cotton, and cells on the underside of the membrane were stained with 0.1% crystal violet. Migrating cells were counted in four microscopic fields at x100 magnification.
Statistical analysis. The statistical significance between two groups of data sets was determined by using the Student's t-test (two-tailed) with P<0.05 regarded as statistically significant.
Results
CAR-regulated induction of the FAM84A gene by PB. cDNA microarray analysis was first employed to identify the genes that are induced prior to the development of liver tumors and are then continuously expressed in the tumors of DEN/PB treated mice (unpublished data). From a number of genes that fitted this expression pattern, we focused on the FAM84A gene for further investigation since the human homologue has been reported to be over-expressed in human colon tumors (14) . Furthermore, there have been no reports on FAM84A in liver. Our previous tumor study showed that the livers of the DEN/6 weeks PB-treated Car +/+ C3He mice did not develop lesions and tumors; DEN/23 weeks PB-treated Car +/+ C3He mice developed only a small number of small lesions (>2 mm) or no tumors, while DEN/32 weeks PBtreated Car +/+ C3He mice had multiple large-size tumors (13) . Accordingly, RNA was prepared from the livers of these mice for subsequent real-time PCR to measure the expression level of FAM84A mRNA. In addition, RNA was prepared from the livers of the corresponding Car -/-C3He mice and also from the livers of mice treated only with DEN. The FAM84A mRNA was already induced in the livers of the DEN/6 weeks PB-treated Car +/+ but not in the Car -/-C3He mice and continued to be induced in the DEN/23 weeks PB-treated Car +/+ C3He mice (Fig. 1) . The non-tumor and tumor tissues were separated from the livers of the DEN/32 weeks PB-treated Car +/+ C3He mice for subsequent analysis. Real-time PCR revealed that FAM84A mRNA was up-regulated in the tumor tissues as well as in the non-tumor tissues (Fig. 1) . These results confirmed that the FAM84A gene undergoes CAR-mediated induction in the liver prior to tumor development and is continually induced in tumor tissues.
Strain-and sex-dependent expressions. In mice, males are known to be more susceptible to HCC than females and C3He mice are more susceptible to HCC than C57BL6 mice (16, 17) . Mice were treated with PB for 24 h and liver RNA was prepared for real-time PCR to measure FAM84A mRNA. Consistent with the observation in mice chronically treated with PB ( Fig. 1) , the 24-h PB treatment induced FAM84A mRNA in male mice ( Fig. 2A) . With respect to the strain dependency, compared with an over 4-fold increase of FAM84A mRNA in the PB-treated C3He males, the corresponding PB-treated C57BL6 did not have a significant increase in FAM84A mRNA compared to controls ( Fig. 2A) . Thus, PB induction of the FAM84A mRNA was specific to the C3He males. This result suggests that the induction of FAM84A mRNA by PB in liver correlates with the straindependent HCC susceptibility. On the other hand, the level of FAM84A mRNA was not increased by PB treatment in C3He female mice, although the basal level of FAM84A mRNA was higher in females than in males (Fig. 2B) . The mechanism of FAM84A gene regulation in liver may differ between male and female mice. This result suggests that the FAM84A gene may not be involved in sex-dependent HCC susceptibility caused by long-term treatment with PB.
Phosphorylation of FAM84A protein.
For further experiments, we produced mouse FAM84A specific anti-serum using the C-terminal peptide of FAM84A. We also produced an anti- serum to detect the phosphorylation of serine 38 of mouse FAM84A, since it has been reported that serine 38 is a target site for phosphorylation of human FAM84A, which is involved in changes in cell morphology (14) . We first measured FAM84A protein and phosphorylation of serine 38 by specific anti-sera using samples derived from Ad-FAM84A infected Huh7 cells or in vitro translation of FAM84A-WT or FAM84A-S38A expression plasmid. Two forms of FAM84A protein were detected in in vitro samples (Fig. 3A) ; the upper band is the serine 38-phosphorylated form and the lower band is the non-phosphorylated form corresponding to the S38A mutant protein (Fig. 3A) . Over-expressed FAM84A protein in Huh7 cells by adenovirus infection was not phosphorylated (Fig. 3A) and the same result was observed in HepG2 cells (data not shown).
Expression of FAM84A protein in mouse liver and tumor tissues. Cytosolic fractions were prepared from the livers of male C3He and C57BL6 mice, which were treated with PB for 24 h. While a slight induction of the FAM84A protein was observed in C57BL6 male mouse liver, an obvious induction of this protein was detected in C3He male mouse liver (Fig. 3B) . This result was consistent with the results of real-time PCR (Fig. 2) . However, the FAM84A protein that was expressed in each strain was apparently not phosphorylated (Fig. 3B) . We also examined the expression of FAM84A using cytosolic fractions from different liver tumor tissues, showing that all 6 tumors expressed the FAM84A protein, but it was not phosphorylated at serine 38 (Fig. 3C) . These results indicate that the FAM84A protein is induced by PB treatment in C3He male mouse liver, and also in liver tumors. However, the expressed FAM84A protein in mouse liver was not phosphorylated.
Activation of the mouse FAM84A promoter by CAR. A 9.0-kb FAM84A promoter was cloned into pGL3-basic, producing pGL3-FAM84A -9.0-kb luciferase reporter plasmid, which was subsequently co-transfected with the CAR expression plasmid (cloned into pcDNA3.1-His-V5-TOPO vector) and phRL-TK plasmid into HepG2 cells. These cells were treated with TCPOBOP (mouse CAR activator), androstenol (mouse CAR repressor) or DMSO, and cell extracts were prepared for luciferase assays. We also used the -1.8-kb CYP2B6 promoter, a known CAR-activated promoter, in transfection experiments as a positive control for the effects of CAR in the assay system (15). TCPOBOP treatment up-regulated the transcriptional activation of the -1.8-kb CYP2B6 promoter strongly, and this activation was attenuated by androstenol treatment (Fig. 4) . Due to its constitutive activity, CAR activated the -9.0-kb FAM84A promoter; this activation was increased by TCPOBOP treatment while it was attenuated by androstenol treatment (Fig. 4) . Compared to the control promoter, the -9.0-kb FAM84A promoter showed an upregulation of transcriptional activity by CAR over-expression without TCPOBOP treatment. This -9.0-kb FAM84A promoter may be regulated by other transcriptional factors that are influenced by CAR over-expression, and not activation of CAR. However, statistically significant up-regulation of transcriptional activity of the -9.0-kb FAM84A promoter was observed with CAR activation, so these results indicate that CAR activates the FAM84A gene.
Intra-hepatic localization of FAM84A protein.
Immunohistochemistry was performed using liver sections prepared from the DEN/6 weeks PB-treated Car +/+ C3He mice using anti-FAM84A serum. The anti-FAM84A serum immunostained the cytoplasm of the hepatocytes found around the central veins, but not those around the portal veins (Fig. 5A) . Out of 31 central vein areas examined in DEN-treated and DEN/6 weeks PB-treated Car +/+ C3He males, 26 were positive for FAM84A staining, while all 27 of the portal vein regions were negative (Table I) . As expected from the real-time PCR data ( Fig. 2A) , most of the hepatic central and the portal veins of C57BL6 mice were not stained by an anti-FAM84A serum (Table I) . We also collected cells around the central veins and portal veins of 24 h PBS or PB treated Car +/+ C3He males using laser capture microdissection, and measured the expression of FAM84A mRNA by real-time PCR. The RNA for FAM84A was only induced in samples from the central veins following PB treatment (Fig. 5B) . Thus, FAM84A was predominantly induced by PB in the central vein regions in C3He mice.
Expression of FAM84A during the development of liver tumors. Sections were prepared from the tumor-bearing livers of DEN/32 weeks PB-treated C3He mice for immunohistochemical analysis. A PB-promoted tumor-bearing liver characteristically develops eosinophilic foci that can progress into adenoma and eventually to carcinoma (18) . As expected, out of a total of 47 foci observed in one of these tumor-bearing 
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Liver sections were prepared from DEN/6 weeks PB-treated C3He male mice and C57BL6 male mice and were subjected to immunohistochemical analysis using an anti-FAM84A serum and a pre-bleed serum as control. livers by H&E staining, 42 were eosinophilic and only 5 were basophilic (Table II) . The eosinophilic foci were immunostained with anti-FAM84A serum (Fig. 6 ) and 69% of them were positive (Table II) . Two of five basophilic foci that may have developed spontaneously showed a blush and diffuse staining, which was clearly different from the staining observed with eosinophilic foci. The reason for this result is not clear, but FAM84A may be involved with the promotion of either eosinophilic or basophilic foci. Twelve tumors were classified as adenoma, and nine of these cases were strongly stained by the anti-FAM84A serum (Fig. 6 and Table II ). The strongest staining was observed in the peripheral region of hepatocellular carcinoma, although only one case was classified as carcinoma (Fig. 6) . These results unequivocally indicate that FAM84A is expressed throughout the development of HCC after PB treatment, from normal hepatocytes to foci and carcinoma.
Effect of FAM84A on migration of liver cancer cells. Since human FAM84A was suggested to up-regulate the motility of cancer cells (14), we examined the putative function of mouse FAM84A for the development and promotion of liver cancer using human hepatocellular carcinoma cell lines. A colony formation assay using Huh7 cell was first performed to examine the role of FAM84A in cell growth. There were 38±4.9 (mean ± SD) colonies with empty-vector plasmidtransfected cells and 37±5.0 colonies for the FAM84A expression plasmid-transfected cells (Fig. 7A) . We also performed the colony formation assay using other cancer cell lines, with no significant difference found (data not shown). This suggests that FAM84A over-expression may not affect cell growth and proliferation. Next we examined the effects of FAM84A on cell migration. Transient expression of FAM84A was performed via adenovirus-based over-expression in HepG2 cells. The migration rates in cells over-expressing FAM84A were significantly higher (P<0.01) than in control Table II . FAM84A expression during stages of liver tumor development. Eosinophilic foci  29  13  42  Basophilic foci  2  3  5  Adenoma  9  3 12
After immunohistochemical staining, 12 liver sections prepared from DEN/32 weeks PB-treated Car +/+ C3He mice, groups of FAHs (foci of altered hepatocytes) were identified as eosinophilic and basophilic foci, adenoma and carcinoma.
-------------------------------------------------cells (187±20.9 and 120±17.3, respectively, Fig. 7B ). We also used Huh7 cells for the migration experiment, but a clear difference was not observed (data not shown). These data indicate that FAM84A plays an important role in acceleration of cell migration, but this depends on the cell type.
Discussion
Here, we identified FAM84A, which is expressed at a low level in normal mouse liver, as a gene which is activated by PB treatment in a CAR-dependent manner. The results from Western blot and immunohistochemistry analysis indicated that the expression of FAM84A continues in normal liver, eosinophilic foci, adenoma and carcinoma by single or chronic treatment of PB. This suggests that the induction of FAM84A by CAR activation may have an important role in liver tumor promotion. PB is well-known as a non-genotoxic carcinogen, and is also known as an activator of nuclear receptor CAR in rodent liver. In general, non-genotoxic carcinogens do not bind to DNA directly, but cause epigenetic alterations such as the regulation of gene expression by DNA methylation or protein function by post-translational modification. Although the molecular mechanism of liver tumorigenesis in rodents remains unknown, activation of CAR by PB resulting in FAM84A gene induction may support the changes leading to liver tumor development. This includes regulating the expression of enzymes, receptors or proteins involving in cell proliferation and/or apoptosis as well as xenobiotic metabolism or hepatic energy metabolism.
Oxidative stress caused by the overproduction of reactive oxygen species (ROS) is a consideration in many diseases including cancer (19) . The ROS is a by-product in the process of monooxigenase reaction by cytochrome P450, and ROS causes several biological effects such as the damage of DNA, proteins or lipids (20) . Previous studies have shown the relationship between PB treatment and oxidative stress in rat liver. The accumulation of 8-hydroxy-2'-deoxyguanosine (8-OhdG), which is the marker for oxidative DNA damage, and the induction of P450 isoenzymes CYP3A2 and CYP2B1/2 were observed in rat liver after PB treatment (21) . The following report demonstrated that ketoconazole, known as a P450 inhibitor, reduced the induction of 8-OhdG by PB treatment in rat liver, suggesting that the induction of DNA oxidation is produced by P450s including CYP2B1 and CYP3A2 (22) . Moreover, it is well-known that nuclear receptor CAR induced CYP2B1/2 expression following PB treatment in rat liver, suggesting that CAR could regulate the rate of oxidative stress via CYP2B1/2 induction. A similar mechanism also exists in mouse liver, and the frequent occurrence of lesions following chronic PB treatment and the up-regulation of oxidative stress may occur by the induction of P450s regulated by CAR. Here we showed that FAM84A is a candidate target gene of CAR. The function of this gene remains unknown, but recent findings suggested that Nse1 (an alias of FAM84A) contributes to genomic stability (23) . Nse1 is one of subunit of the Smc5-Smc6 holocomplex, which facilitates DNA repair, and Nse1 contains a RING-like motif that often confers ubiquitin E3 ligase activity. These authors suggest that the RING-like motif is important for the integrity of the Smc5-Smc6 holocomplex and for its recruitment/retention at DNA lesions. The results of these yeast-based experiments require further molecular studies of the mechanism regulating such interacting proteins and FAM84A to prove our hypothesis. FAM84A may have a role in genomic stability through a similar mechanism in rodent liver, reducing the lesions resulting from oxidative stress and preventing tumor development at the early stage of PB treatment.
As one possible physiological function of FAM84A, we found the ectopic over-expression of mouse FAM84A enhanced cell migration in HepG2 cells. This implies that FAM84A may be an enhancer of tumor metastasis as well as of genomic stability. These functions appear to be inconsistent, but there may be equal and opposite reactions of FAM84A in the development and promotion of liver tumors. A previous report indicated that exogenous FAM84A expression affected the morphological changes of NIH3T3 cells (14) , while we could not detect any morphological changes in FAM84A over-expressed cancer cells (data not shown). These authors reported that the phosphorylation of serine 38 was associated with changes in cell morphology. However, we did not detect serine 38 phosphorylation in over-expressed FAM84A protein in cancer cells, or induced FAM84A protein in mouse liver by PB treatment, neither in the FAM84A protein expressed in liver tumors. The regulation of FAM84A phosphorylation may be altered in normal liver tissue, in liver tumor and as well as in cultured hepatocellular carcinoma cells under the conditions of our studies. In conclusion, our results indicate that the overexpression of FAM84A, but not the phosphorylation of mouse FAM84A, at serine 38 after activation of CAR by chronic PB treatment may play an important role in liver tumorigenesis.
PB has been used as a drug to treat patients with epilepsy; however epidemiological studies have not shown PB-related tumors in humans, so humans may have a low sensitivity to toxic effects of PB in liver. However, we cannot conclude that PB does not have a link to human liver cancer development. The role of CAR in human liver tumorigenesis is not clear at present, but we can present an interesting suggestion on the correlation between CAR and liver cancer. The C3He mice are more susceptible to the promotion of liver tumors by PB than C57BL6 mice and recent genetic studies suggested that this susceptibility is linked to the region of marker D1Mi33 of mouse chromosome 1 (24) . This marker maps to the human chromosome 1q21-23 region, and CAR also maps to this region. The amplification of the long arm of human chromosome 1 including 1q21-23 has been reported in hepatocellular carcinoma (25) . In our experiments of comparative genomic hybridization (CGH) using human liver cancer tissue and normal tissue of the same liver, the amplification of two chromosome regions (1q23 and 8q24) were detected (unpublished data), suggesting that the CAR gene may be amplified and the expression of genes regulated by CAR may be increased or decreased. We also examined the expression of FAM84A mRNA in human hepatocellular carcinoma tissues by real-time PCR, and 11 cases out of a total 31 cases showed higher expression of FAM84A in tumor tissues compared to normal tissues derived from same liver (data not shown). Although the levels were not associated with the sex, age, etiology, multiplicity or stage of tumors, these findings suggest that CAR and the CAR target gene FAM84A may be linked to the development or promotion of human liver cancer. In addition, we demonstrated by immunohistochemistry experiments that the FAM84A protein was induced in mouse liver tumors ranging from eosinophilic foci to hepatocellular carcinoma. Although the biological process and detailed mechanism in which FAM84A is involved in human liver tumor development remains to be determined, our findings suggests the possibility that FAM84A may be a good diagnostic and prognosis marker of liver tumors including hepatocellular carcinomas.
